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Non-Compensating Roles between Ncka and Nckb in
PDGF-BB Signaling to Promote Human Dermal
Fibroblast Migration
Shengxi Guan1, Jianhua Fan1,2, Arum Han1, Mei Chen1,2, David T. Woodley1,2 and Wei Li1,2
Platelet-derived growth factor BB (PDGF-BB) is a Food and Drug Administration (FDA)-approved growth factor,
acting as a mitogen and motogen of dermal fibroblasts (DFs), for skin wound healing. The two closely related
SH2/SH3 adapter proteins, Ncka and Nckb, connect PDGF-BB signaling to the actin cytoskeleton and cell
motility. The mechanism has not been fully understood. In this study, we investigated, side by side, the roles of
Ncka and Nckb in PDGF-BB-stimulated DF migration. We found that cells expressing the PDGFRb-Y751F mutant
(preventing Ncka binding) or PDGFRb-Y1009F mutant (preventing Nckb binding), DF cells isolated from Ncka- or
Nckb-knockout mice, and primary human DF cells with RNA interference (RNAi) knockdown of the endogenous
Ncka or Nckb all failed to migrate in response to PDGF-BB. Overexpression of the middle SH3 domain of Ncka
or Nckb alone in human DFs also blocked PDGF-BB-induced cell migration. However, neither Ncka nor Nckb
was required for the activation of the PDGF receptor, p21-activated protein kinase (Pak1), AKT, extracellular
signal-regulated kinase (ERK) 1/2, or p38MAP by PDGF-BB. Although PDGF-BB stimulated the membrane
translocation of both Ncka and Nckb, Ncka appeared to mediate Cdc42 signaling for filopodium formation,
whereas Nckb mediated Rho signaling to induce stress fibers. Thus, this study has elucidated the independent
roles and mechanisms of action of Ncka and Nckb in DF migration, which is critical for wound healing.
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INTRODUCTION
The serum factor platelet-derived growth factor (PDGF) has at
least three forms, namely AA, BB, and AB, which bind and
initiate signal transduction through a distinct cell surface
PDGF receptor (PDGFR), that is, PDGFRa or PDGFRb, or a
combination of the two (Deuel et al., 1991; Heldin and
Westermark, 1999). Several lines of evidence indicate that
PDGF-BB plays a critical role in skin wound healing. First, ex
vitro studies revealed that PDGF-BB is a potent mitogen and
motogen that stimulates proliferation and chemotaxis of
dermal fibroblasts (DFs) (Grotendorst et al., 1981; Deuel
et al., 1991). Second, PDGF is present at the site of the
wound, and cells in the wounded area express increased
PDGFR (Sprugel et al., 1987; Ansel et al., 1993; Reuterdahl
et al., 1993). The upregulated PDGFR enhances the respon-
siveness of cells to PDGF-BB (Paulsson et al., 1987,
Reuterdahl et al., 1993, Terracio et al., 1988). Third, direct
application of PDGF in chambers implanted into rats induces
the increased formation of granulation tissue (Sprugel et al.,
1987; Li et al., 2006). In a comparison, PDGF-BB was found
to be significantly more effective than PDGF-AA (Heldin and
Westermark, 1999). The presence of PDGF-AB was not
reported in skin wounds. In particular, PDGF-BB has been
shown to represent a major pro-motility factor in human
serum for DFs (Li et al., 2004a). Most importantly, PDGF-BB
is so far the only Food and Drug Administration (FDA)-
approved growth factor in clinical use to treat chronic
pressure sores (Sprugel et al., 1987; Heldin et al., 1989;
Robson et al., 1992; Lepisto¨ et al., 1996) and diabetic ulcers
(Steed et al., 1992). Our laboratory has long been interested
in the mechanisms of action of PDGF-BB in promoting
human DF (HDF) migration.
PDGF elicits its biological effects by binding to and
activating the cell surface receptor, PDGFR, which has an
intrinsic protein tyrosine kinase activity (Ro¨nnstrand and
Heldin, 2001). After PDGF binds, the surface PDGFRs form
oligomers, leading to receptor kinase activation and receptor
autophosphorylation on a dozen tyrosine residues. The
phosphorylated tyrosines in the PDGFR, in turn, serve as
binding sites for the so-called Src-homology 2 domains
present in many cytosolic signaling molecules, such as Src
kinase, phosphatidylinositol 3-kinase, and phospholipase Cg.
During the interaction, a phosphotyrosine on PDGFR is
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inserted into the Src-homology 2 domain pocket of the target
protein. The Src-homology (SH) domains include SH2 and
SH3 domains, which are non-catalytic protein modules.
Whereas SH2 domains bind phosphotyrosine residues, SH3
domains constitutively bind proline-rich (PxxP) motifs present
in signaling molecules farther downstream. Together, SH2
and SH3 domains can connect activated receptor tyrosine
kinases (RTKs), such as PDGFR, to many downstream
signaling pathways (Pawson and Nash, 2003).
One sub-family of SH2/SH3-containing proteins is called
adapters, such as Crk, Grb2, and Nck, which are composed
exclusively of SH2 and SH3 domains (Schlessinger, 1994).
Nck has three SH3 domains and one SH2 domain with the
linear structure SH3–SH3–SH3–SH2. In mammals, there are
two Nck genes, Nck/Ncka/Nck1 and Grb4/Nckb/Nck2,
which are located on human chromosomes 3 and 2,
respectively (Li et al., 2001). We reported previously that
Ncka and Nckb bind to distinct sites in PDGFR-b, with Ncka
binding to tyrosine-751 (Y751) and Nckb to tyrosine-1009
(Y1009) in the receptor. These bindings link the PDGFR-b to
re-assembly of the actin cytoskeleton (Nishimura et al., 1993;
Chen et al., 2000). However, whether Ncka and Nckb exist
as mutually compensating partners or whether each Nck
adapter has its own specific function in the cells has long
remained as a debate. No Ncka- or Nckb-specific down-
stream signaling pathways have been reported in cells in
response to PDGF-BB. In this study, we undertook several
genetic approaches to compare, side by side, the role of Ncka
versus Nckb in mediating PDGF-BB-stimulated DF migration.
We provide direct evidence that Ncka and Nckb act
independently, through distinct Rho GTPase family members,
to connect PDGF-BB signaling to DF motility, which plays a
critical role in skin wound healing.
RESULTS
Ncka and Nckb independently link PDGFR-b to cell migration
To investigate whether Ncka and Nckb act independently or
redundantly in PDGF-BB signaling to promote cell migration,
we began by testing two previously characterized PDGFR-b
mutants, Y751F and Y1009F, which abolish the receptor
binding to Ncka and Nckb, respectively (Nishimura et al.,
1993; Chen et al., 2000), as schematically depicted in Figure
1a. The Y1021F mutant was included as a negative control.
These cells were subjected to the colloidal gold migration
assay on a type I collagen matrix in the presence or absence
of PDGF-BB (Li et al., 2004a, b). As shown in Figure 1b,
PDGF-BB stimulation caused significantly increased migra-
tion of the cells expressing wild-type (wt) PDGFR (bar 2
versus bar 1). However, PDGF-BB was unable to stimulate
migration of the cells expressing either the Y-751F (bar 4
versus bar 3) or the Y1009F (bar 6 versus bar 5) mutant
PDGFR-b. In contrast, mutation in Y1021F, which blocks the
receptor binding to phospholipase Cg, showed little inhibi-
tory effect (bar 8 versus bar 7). All four cell lines expressed
comparable levels of the various human PDGFR-b proteins
(Nishimura et al., 1993). These results suggested that both
Ncka- and Nckb-binding sites in PDGFR-b are required for
mediating PDGF-BB’s pro-motility signals. As indicated also
in Figure 1a (lighter color), because Y751 and Y1009 are also
the binding or partial binding sites for phosphatidylinositol
3-kinase and SHP-2, respectively, we were unable to
conclude exclusively that the blockade was specifically due
to ablation of the receptor binding to Ncka or Nckb. More
specific genetic approaches were needed to support the
finding.
We, therefore, isolated DFs from wt, Ncka-knockout, or
Nckb-knockout mice (Bladt et al., 2003) and subjected these
cells to the motility assays in the absence or presence of
PDGF-BB. To verify the specific absence of Ncka or Nckb
from these cells, we generated antibodies (Abs) specifically
against Ncka or Nckb, but not both (Materials and Methods).
It is shown in Figure 1c–f that an anti-hemagglutinin (HA) tag
Ab recognized both HA-Ncka and HA-Nckb expressed in
293 cells (Figure 1c). Our anti-Ncka Ab selectively recog-
nized HA-Ncka (Figure 1d, lane 2, above the endogenous
Nck band), but not HA-Nckb (lane 3). Similarly, our anti-
Nckb Ab reacted only with HA-Nckb (Figure 1e, lane 3), not
with HA-Ncka (lane 2). Using these Abs, as shown in Figure
1g–i, we found that mouse wt DFs expressed both Ncka
(Figure 1g, lane 1) and Nckb (Figure 1h, lane 1). The Ncka/
cells expressed Nckb (Figure 1h, lane 2), but not Ncka (Figure
1g, lane 2), and the Nckb/ cells showed only Ncka (Figure
1g, lane 3) and not Nckb (Figure 1h, lane 3). When these cells
were subjected to the migration assays, as shown in Figure
1n, the mouse wt DFs showed increased migration in
response to PDGF-BB (bar 2 versus bar 1). In contrast,
PDGF-BB-stimulated migration was no longer detectable in
either Ncka/ or Nckb/ cells (bars 4 and 6 versus bars 3
and 5). Finally, when an HA-tagged wt Ncka cDNA was re-
introduced into the Ncka/ DFs and an HA-tagged wt Nckb
cDNA into the Nckb/ DFs (Figure 1j–m), these genes fully
rescued the defects (Figure 1n, bars 8 and 10). In contrast, as
expected, Ncka cDNA was unable to rescue the Nckb/
DFs and Nckb cDNA failed to rescue Ncka/ DFs (data not
shown). These results established that both Ncka and Nckb
are independently required for PDGF-BB signaling to
promote cell migration.
Both Ncka and Nckb are indispensable for HDF migration in
response to PDGF-BB
Having made the above genetic observations, we switched to
primary HDFs for the consideration of a more physiological
relevance to human skin wound healing. We designed two
independent siRNA sequences against each of the two Nck
genes and delivered them to HDFs by the lentiviral siRNA
delivery system, FG12. This system silences the expression of
endogenous Ncka or Nckb in cells with 490% efficiency
(Guan et al., 2007). As shown in Figure 2a–c, compared with
two controls (FG12 lentiviral vector alone or siRNA against
LacZ gene), the two siRNAs against Ncka (siNcka1 and
siNcka2) dramatically downregulated the endogenous Ncka
protein (Figure 2a, lanes 3 and 4 versus lanes 1 and 2). In
contrast, the Ncka siRNAs did not affect the Nckb protein
levels (Figure 2b, lanes 3 and 4 versus lanes 1 and 2).
Similarly, the two siRNAs against Nckb (siNckb1 and
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siNckb2) effectively downregulated the endogenous Nckb
protein (Figure 2b, lanes 5 and 6 versus lanes 1 and 2), but
interfered little with the endogenous Ncka protein levels
(Figure 2a, lanes 5 and 6 versus lanes 1 and 2). When these
cells were subjected to colloidal gold cell migration assays
with or without PDGF-BB stimulation, as shown in Figure
2d–m, PDGF-BB stimulated the migration of siLacZ-infected
HDFs (Figure 2e versus d). Interestingly, PDGF-BB was no
longer able to promote the migration of Ncka-downregulated
HDFs (Figure 2g versus f and Figure 2h versus i). Similarly,
Nckb knockdown also blocked HDF migration in response to
PDGF-BB (Figure 2k versus j and Figure 2m versus l).
Quantitation of the data (migration index, MI) is shown in
Figure 2n. These results clearly showed that neither Ncka nor
Nckb could compensate for the absence of the other in
PDGFRb pro-motility signaling in HDFs. Finally, we simulta-
neously downregulated both Ncka and Nckb in HDFs, as
shown in Figure 2o (inset, lane 3). Similar to the single Nck-
knockdown HDFs, the cells otherwise behaved normally in
culture (data not shown). However, as expected, double
knockdown completely abolished HDF migration in
response to PDGF-BB (bars 7 and 8). These results formally
established that Nck adapters play a positive role in PDGF-BB
signaling.
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Figure 1. Genetic evidence for the requirement of both Ncka and Nckb in PDGFR signaling to promote cell migration. (a) A schematic representation of Ncka
and Nckb SH2-binding sites in human PDGFRb. Shared binding sites with other signaling proteins (for example, PI-3K) are shown in lighter type. (b) The dog
kidney epithelial cells, TRMP, expressing wild type (wt) or the indicated mutant of the human PDGFRb, were subjected to the colloidal gold migration assay
(Materials and Methods). Only migration indices (MI) of the experiments are shown (n¼3, bars with * are statistically significant compared with their
unstimulated controls, Po0.05). (c–i) Demonstration of anti-Ncka- and anti-Nckb-specific Abs that were generated and characterized in our laboratory.
(j–m) The lysates of primary mouse dermal fibroblasts (DFs) isolated from wt, Ncka//Nckbþ /þ , or Nckaþ /þ /Nckb/ mice were subjected to western blot
analyses using anti-Ncka- and anti-Nckb-specific Abs or anti-GAPDH Ab. (n) The mouse DFs were subjected to colloidal gold migration assay. MIs of the
experiments are presented (n¼ 4, bars with * are statistically significant compared with their unstimulated controls, Po0.05).
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Overexpression of the middle SH3 domain from Ncka or Nckb
disrupts PDGFRb signaling to promote HDF migration
In PDGFR signaling, a proposed mechanism of action for Nck
is to use the SH2 domain to bind phosphotyrosine in PDGFR
and the three SH3 domains to recruit downstream signaling
molecules to the proximity of the membrane-bound receptor,
where the signaling molecules become activated (Li et al.,
2001). A schematic representation of this model is shown in
Figure 3a (left panel). On the basis of this model, one would
expect that forced overexpression of individual Nck SH3
domains would cause them to compete with their corre-
sponding SH3 domains in the endogenous wt Nck for binding
to downstream targets (indicated by ‘‘T’’), thereby blocking
the wt Nck signaling by taking away the ‘‘T’’ molecule and
keeping it in the cytosol (Figure 3a, right panel). To test this
hypothesis, we inserted the three SH3 domains and one SH2
domain from the Ncka and Nckb genes individually into the
lentiviral vector ppLRsin-CMV (Guan et al 2007). As
illustrated in Figure 3b, cDNA fragments of a total of eight
SH domains, including two N0-terminal SH3 domains (a3I
and b3I domains), two middle SH3 domains (a3II and b3II
domains), two C0-terminal SH3 domains (a3III and b3III
domains), and two SH2 domains (a2 and b2) from Ncka and
Nckb, were individually constructed in frame with an HA tag
at the N0 termini (Materials and Methods). Expression of these
domains in individually infected HDFs was examined by
western immunoblots using anti-HA Abs. As shown in Figure
3c, all domain proteins were expressed at comparable levels
(lanes 1–8 versus control lane 9).
We then tested the effects of the individual domains on
PDGF-BB-stimulated HDF migration. As shown in Figure 3d,
HDFs overexpressing the SH2 domain from either Ncka or
Nckb were unable to migrate in response to PDGF-BB (bars 9
and 10 for Ncka; bars 17 and 18 for Nckb), suggesting that
the exogenously expressed SH2 domains competed with the
SH2 domains of endogenous wt Ncka or Nckb for binding to
the activated PDGFR. It is interesting, however, that among
the individual SH3 domains, only the two middle SH3
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Figure 2. Knockdown of endogenous Nckb or Ncka or both in human dermal fibroblasts blocked PDGF-BB-induced migration. Human dermal fibroblasts
(HDFs) were infected with a lentivirus carrying an empty vector (FG12 with GFP alone), a control siRNA against LacZ (siLacZ), or two siRNA inserts against
Ncka (siNcka1 and siNcka2) or against Nckb (siNckb1 and siNckb2) or with both siNcka2 and siNckb2. (a–c and inset in panel o) Five days after infection, the
cells were lysed and subjected to western blot analyses with antibodies specific against (a) Ncka, (b) Nckb, or (c) GAPDH. (d–m) The cells were subjected to
colloidal gold migration assay, as described earlier. Representative microscopic images of single-cell migration tracks under each indicated condition are
presented. The averaged migration track size under each condition is marked with an open circle. Bar¼ 1mm. (n and o) Averaged migration indices (MI) of five
experiments are shown (bar with * is statistically significant compared with its unstimulated control). The values shown are the means±SEM of the independent
assays, Po0.02.
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domains (a3II and b3II) from Ncka and Nckb inhibited the
PDGF-BB-induced HDF migration (bars 5 and 6 for
Ncka; bars 13 and 14 for Nckb). In contrast, overexpression
of the a3I and b3I or the a3III and b3III domains showed
little inhibitory effect. These negative results served as
excellent internal controls for the specificity of a3II and b3II
actions against the argument that a3II and b3II may
nonspecifically cross-bind each other’s sites. Therefore, we
conclude that the middle SH3 domains of Ncka and Nckb
independently mediate PDGF-BB signaling to promote HDF
migration.
Both Ncka and Nckb translocate to the leading edge of
PDGF-BB-treated HDFs
To explore the mechanisms of action of Ncka and Nckb in
PDGFR signaling, we examined their physical location in
HDFs before and after PDGF-BB stimulation. To avoid a high
background of endogenous Nck proteins in direct immunos-
taining, we constructed green fluorescent protein (GFP)-
linked Ncka and Nckb fusion genes in a lentiviral vector and
infected HDFs with one or the other of the fusion genes.
Infection with a lentivirus carrying a GFP gene alone was
included as a negative control. In addition, the same cells
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Figure 3. SH2 and the middle SH3 domain from Ncka and Nckb mediate PDGF-BB’s pro-motility signaling in HDFs. Construction and expression of individual
SH domains were used to interfere with the endogenous Nck signaling. (a) A schematic representation of how an overexpressed individual domain could
interfere with Nck signaling. ‘‘T,’’ target molecules. (b) A schematic summary of the individual SH domains used in this study. (c) Successful expression of all the
HA-tagged domains after lentiviral infection of HDFs. (d) Overexpression of the SH2 and the middle SH3 domains of both Ncka and Nckb, but not other SH3
domains, blocked PDGF-BB signaling to promote HDF migration. Only MIs of the experiments are shown (n¼ 3, bars with * are statistically significant
compared with their unstimulated controls, Po0.02).
www.jidonline.org 1913
S Guan et al.
Independent Signaling by Ncka and Nckb
were also stained with rhodamine-conjugated phalloidin to
visualize the cellular actin cytoskeleton. As shown in Figure
4Aa–d00, PDGF-BB stimulation caused a rapid polarization of
the cells in a time-dependent manner (Figures 4a–d),
consistent with our observations reported earlier (Li et al.,
2004a). However, the distribution of the exogenously
expressed GFP proteins remained unchanged with (Figures
4Ab0–d0) or without (Figure 4Aa0) PDGF-BB stimulation.
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Figure 4. Both Ncka and Nckb translocate to the leading edge of HDFs in response to PDGF-BB. GFP-Ncka and GFP-Nckb were constructed and cloned
into lentiviral vectors. HDFs infected with viruses carrying these GFP fusion genes were either untreated or treated with PDGF-BB for the indicated times.
The location of GFP-Nck was directly visualized under a fluorescence microscope. The same cells were also stained with rhodamine-conjugated phalloidin and
their morphologies monitored by fluorescence microscopic analyses. For each time point, 80–120 cells were randomly selected and analyzed. The shown
images represent 56–89% of the total 80–120 analyzed cells under each condition. (Aa–d0 0) Cell morphology (upper panel), location of control GFP (middle
panel), and areas marked with dotted squares were enlarged to visualize the cell’s leading edge (lower panel). (Be–h0 0) Cell morphology (upper panel), location of
GFP-Ncka (middle panel), and enlarged leading edge images (lower panel). (Ci–l0 0) Cell morphology (upper panel), location of GFP-Nckb (middle panel), and
enlarged leading edge images (lower panel). Bar¼ 5 mm.
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Enlarged images of the cells’ leading edges are also presented
(Figure 4Aa00 versus b00–d00). In contrast, as shown in Figure
4Be–h00, PDGF-BB stimulation caused a rapid translocation of
GFP-Ncka fusion proteins to the leading edge of polarized
HDFs (Figures 4Bf0–h0 versus e0), which becomes more
evident in enlarged images (Figures 4Bf00–h00 versus e00). A
similar observation was made for GFP-Nckb fusion proteins.
As shown in Figure 4Ci–l00, PDGF-BB stimulated translocation
of GFP-Nckb fusion proteins (Figures 4Ci0–l0) to the cells’
leading edges (the enlarged images shown in Figures 4Cj00–l00
versus i00), which correlated well with PDGF-BB-induced cell
polarization (Figures 4Ci–l). On the basis of these results,
we concluded that the distinct roles of Ncka and Nckb in
PDGFR signaling could not be resolved by their subcellular
locations.
Ncka and Nckb act redundantly to connect PDGFR to major
kinase pathways
We next investigated whether Ncka or Nckb connects
PDGFRb to five well-characterized kinase pathways, includ-
ing extracellular signal-regulated kinase (ERK) 1/2, p38, JNK,
AKT, and Pak1. Selection of these kinases was based on (1)
potent activation of all these kinases by PDGF-BB in HDFs or
other cell types (Li et al., 2004a) and (2) earlier reports that
Nck can mediate activation of these kinases (Li et al., 2001).
HDFs infected with vector alone, siLacZ, siNcka, or siNckb
were serum starved and either unstimulated or stimulated
with PDGF-BB for various periods of time. Lysates of the cells
were subjected to western immunoblotting analyses with
anti-phosphotyrosine or anti-phospho Abs against the corre-
sponding kinases. As shown in Figure 5, in the vector alone
and in siLacZ control cells (lanes 1–8), PDGF-BB stimulation
caused clear activation of ERK1/2 (Figure 5a), p38 (Figure 5b),
AKT (Figure 5c), and Pak1 (Figure 5d). We could not detect
any significant activation of JNK by PDGF-BB. Surprisingly,
the downregulation of neither Ncka (lanes 9–12) nor Nckb
(lanes 13–16) showed any eliminating effects on PDGF-BB
activation of the four kinases. We carried out these
experiments multiple times and concluded that the quanti-
tative differences in Pak1 activation between the vector
control and siLacZ control A (Figure 5d, lanes 6–8 versus
lanes 2–4), and between Nckb-downregulated (Figure 5d,
lanes 14–16) and Ncka-downregulated cells (Figure 5d, lanes
10–12), were within experimental error and statistically
insignificant.
Ncka participates in Cdc42 signaling, whereas Nckb is involved
in RhoA signaling
It is well established that, among the Rho GTPase family
members, RhoA controls stress fiber formation (F-actin
bundles), Cdc42 controls filopodium formation (spikes), and
Rac1 controls lamellipodium formation (thin sheets) in cells
(Hall, 1998). We asked the question: can these events still
take place in the absence of Ncka or Nckb? We expressed the
constitutively activated forms of the three Rho family
GTPases individually in HDFs. As shown in Figure 6a–c,
GST-PBD beads, which selectively bind to GTP-bound Rac
and Cdc42, pulled down the constitutively activated Rac-L61
(Figure 6a, lane 2, lower band) and Cdc42-L61 (Figure 6c,
lane 2, lower band), but not their dominant-negative forms,
Rac-N17 or Cdc42-N17 (Figures 6a and c, lanes 3). The
reason for the slight background of GTP-bound Rac1 from
vector control cells is unknown (Figure 6a, lane 1). Similarly,
GST-RBD beads, which selectively bind to GTP-bound RhoA,
pulled down the constitutively activated RhoA, RhoA-L63
(Figures 6b, lane 2), but not the dominant-negative RhoA-
N19 (lane 3). As expected, consistent with the reported
effects of these Rho GTPases in fibroblasts (Hall, 1998) and as
shown in Figure 6d–g, Rac1-L61, Cdc42-L61, and RhoA-L63
caused the formation of lamellipodia (panel e), filopodia
(panel f), and stress fibers (panel g), in comparison with the
vector-alone HDFs (panel d).
We then tested if the downregulation of Ncka or Nckb
interferes with any of the Rho GTPase-induced actin
cytoskeletal changes. As shown in Figures 6h–m, the down-
regulation of neither Ncka (panel j) nor Nckb (panel l)
showed any significant effect on Rac1-L61-induced lamelli-
podium formation, in comparison with the vector control
cells (panel h). These cells are GFP-positive, that is, siRNA-
expressing cells (panels i, k, and m). As mentioned earlier,
because the FG12 vector has an intrinsic GFP gene, all
siRNA-expressing cells could be distinguished under a
fluorescence microscope. It is interesting that, as shown in
Figures 6n–s, the downregulation of Ncka (panel p), but not
Nckb (panel r), completely inhibited Cdc42-L61-induced
filopodium formation. The same cells all expressed GFP
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Figure 5. Ncka and Nckb are not required for PDGF-BB-activated major kinase pathways. HDFs were infected with viruses containing FG12 vector alone
(lanes 1–4), control siLacZ (lanes 5–8), or siNcka (lanes 9–12) or siNckb (lanes 13–16). Five days after infection, the cells were either untreated or treated with
PDGF-BB (50 ngml1) for the indicated times. Lysates of the cells were subjected to western blot with the various anti-phospho protein or control antibodies
listed. The experiment was repeated at least four times and the results were quantitated by phospho-imager analyses.
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Figure 6. Ncka is required for Cdc42 signaling, whereas Nckb is required for RhoA signaling. HDFs were first infected with the pRRLsinh-CMV lentiviral
vector carrying constitutively activated Rac (Rac-L61) or dominant-negative Rac (Rac-N17), constitutively activated Cdc42 (Cdc42-L61) or dominant-negative
RCdc42 (Cdc42-N17), and constitutively activated Rho (Rho-L63) or dominant-negative Rho (Rho-N19), which were all Myc-tagged. (a–c) GST-PBD beads
(bind GTP-bound Rac or Cdc42) and GST-RBD beads (bind GTP-bound Rho) and pull-down assays show, as expected, overexpressed activated Rac-L61 (a, lane
2), Rho-L63 (b, lane 2), and Cdc42-L61 (c, lane 2), but not their dominant-negative mutants (lanes 3). Bar¼3.5 mm. (d–g) Rac-L61, Cdc42-L61, and Rho-L63
expression induces (e) lamellipodia, (f) filopodia, and (g) stress fibers versus the vector control cells (d), as shown earlier (see Eden et al., 2002). Bar¼5 mm.
(h–m) Rac-L61-expressing HDFs were re-infected with (j) siNcka or (l) siNckb. Bar¼ 5 mm. (n–s) Cdc42-L61-expressing HDFs were re-infected with siNcka
(p) or siNckb (r). (t–y) Rho-L63-expressing HDFs were re-infected with (v) siNcka or (x) siNckb. Bar¼ 5 mm. Successful infection was indicated by GFP
expression in the same cells. For each condition, 80–120 cells were randomly selected and analyzed. The percentage of cells that produced a similar
image is presented. The experiment was repeated three times and similar results were observed.
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(panels o–q). In contrast, as shown in Figures 6t–y, the
downregulation of Nckb (panel x, note that arrows point to
the GFP-positive cells), but not Ncka (panel v), significantly
reduced the formation of stress fibers in the cells. These
observations suggest that Ncka participates in Cdc42 signal-
ing and Nckb in RhoA signaling. Both these events are
indispensable for PDGF-BB-induced cell polarization and
migration.
DISCUSSION
Nck is an evolutionarily conserved gene, whose appearance
apparently coincides with the appearance of RTKs and
protein tyrosine phosphorylation. There has been no report
of Nck-related genes in single-cell organisms, such as
bacteria and yeasts. In invertebrates, such as nematodes
and fruit flies, and in vertebrates, such as frogs and zebrafish,
there appears to be a single Nck gene (search results of
NCBI). Mammals, such as rodents and humans, have
acquired an additional Nck gene located on a separate
chromosome (Li et al., 2001). In Caenorhabditis elegans, lack
of Nck does not seem to affect overall development of the
worm, although a specific role in the central nerve system
was speculated (search of the WormBase). In Drosophila,
mutations in a homolog of Nck, called dreadlocks (or dock),
caused the death of the flies. However, a genetic mosaic
analysis and cell-type-specific expression study showed that
dock mediates the signaling that controls photoreceptor cell
axon guidance and targeting (Garrity et al., 1996). In both
mice and humans, the importance of Nck has been reported
in many signaling pathways and cellular events, including
linking RTKs to actin cytoskeleton-orchestrated events, such
as neuritogenesis and cell motility (Chen et al., 1998; Gupta
and Mayer, 1998; Tu et al., 1998; Goicoechea et al., 2002;
Zhou et al., 2003; Stoletov et al., 2004; Rivera et al., 2006;
Guan et al., 2007), linking nephrin to the actin cytoskeleton
and control of cell morphology (Jones et al., 2006; Li et al.,
2006; Tryggvason et al., 2006; Verma et al., 2006), mediating
growth factor-, ER stress-, and Escherichia coli Tir-induced
activation of Rac GTPase (Eden et al., 2002), ERK1/2 (Gupta
and Mayer, 1998; Gruenheid et al., 2001; Nguyeˆn et al.,
2004), JNK (Poitras et al., 2003), p38 (Lamalice et al., 2006),
protein translation (Kebache et al., 2002), septin-induced
suppression of cell cycle arrest (Kremer et al., 2007), and T-
cell signaling and development (Yablonski et al., 1998; Ku
et al., 2001; Gil et al., 2002, Gugasyan et al., 2002). Thus, it
seems unlikely that both Ncka and Nckb are non-discrimina-
tively involved in all these processes, which take place in
such a wide variety of cell types and tissue origins. Because
most of these studies emphasized either Ncka/Nck1 (Kebache
et al., 2002; Cardin et al., 2007) or Nckb/Nck2 (Chen et al.,
2000; Cowan and Henkemeyer, 2001; Pramatarova et al.,
2003), or both non-discriminatively (Jones et al., 2006; Rivera
et al., 2006; Fawcett et al., 2007; Blasutig et al., 2008), the
data could not have allowed the authors to distinguish Ncka-
specific or Nckb-specific effects in their studies.
In this study, we have used mutant PDGFRs that are
defective in binding to Ncka and Nckb, RNA interference
(RNAi) knockdown of Nck expression, mouse DFs isolated
from Ncka or Nckb gene-knockout mice, and Nck gene
rescue to investigate the specificity versus redundancy
between Ncka and Nckb in PDGF-BB signaling to promote
DF migration. Results of these experiments have clearly
shown that Ncka and Nckb play non-redundant roles in
PDGFR signaling. Consistent with this finding, mouse
embryonic fibroblasts derived from Nckb/ or Ncka/
mice both exhibited defects in migration in response to
PDGF-BB (Rivera et al., 2006; Ruusala et al., 2008).
Furthermore, we found that re-introducing the Ncka or Nckb
gene into Ncka-knockout or Nckb-knockout mouse DFs fully
rescued the defects in response to PDGF-BB. Mechanisti-
cally, Ncka and Nckb mediate PDGFR signaling through
their SH2 and middle SH3 domains. Most surprisingly, Ncka
and Nckb appeared to participate in distinct Rho GTPase
family member signaling to downstream actin cytoskeleton-
mediated events. We found that Ncka was required for
Cdc42-mediated filopodium formation and Nckb was re-
quired for RhoA-mediated stress fiber clustering. Distinct
roles for Ncka and Nckb during mouse embryonic develop-
ment proved to be hard to detect (Bladt et al., 2003).
However, an increasing number of recent studies suggest that
Ncka and Nckb each become indispensable in various
cellular events in differentiated somatic cells. Providing direct
support for this notion, we have recently shown that Ncka
and Nckb mediate opposite signals from nerve growth factor-
induced neuronal cell differentiation (neuritogenesis). In
neurons, Nckb, but not Ncka, controls the stability of the
critical focal adhesion molecule paxillin (Guan et al., 2007).
Similar results were also obtained from anti-paxillin staining
of the brain tissues from Nckb/, but not Ncka/, mice (M.
Yan, J. Fan, and W. Li, unpublished data). More surprisingly,
this ‘‘Nckb-paxillin stability’’ mechanism does not exist in rat
glial cells, nor in many other types of cells studied, except in
some tumor cell lines (Guan et al., 2007). Therefore, in
neurons, Ncka and Nckb not only carry out non-compensat-
ing roles in differentiation but also confine this mechanism in
a cell-type-specific manner. How Ncka and Nckb achieve
such a level of cell type specificity awaits further investiga-
tions.
Although Ncka and Nckb have long been speculated to
participate in growth factor-stimulated signaling of the Rho
family GTPases and actin cytoskeleton-orchestrated events (Li
et al., 2001; Pawson and Nash, 2003), we were surprised to
learn that knockdown of either Ncka or Nckb interfered with
constitutively activated Rho family GTPases. The mechan-
isms of actions by Ncka and Nckb are not understood at this
point. Before this study, our understanding was that Nck
binds activated RTK and, therefore, brings Nck-SH3-asso-
ciated proteins, such as Pak1 kinase, to the membrane
proximity. In this case, Pak1 becomes physically close
enough to the membrane-bound Rho GTPase, Rac1 (pre-
sumably activated by RTK through a GEF molecule), and is
activated by GTP-bound Rac1 (Lu and Mayer, 1999 and
reviewed by Li et al., 2001). The observation that Nck
adapters are required for Rho family GTPase signaling even in
the absence of an activated RTK was to our knowledge
previously unreported. These data suggested that the
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‘‘adapting function’’ of Nck is activated and utilized by
constitutively activated Rho GTPases, although detailed
mechanisms can only be speculated at this point. There are
at least two possibilities. First, Nck binding stabilizes the
target proteins that are used by Rho GTPases as downstream
effectors. In support of this notion, we showed that Nckb
binding stabilizes paxillin proteins in neurons (Guan et al.,
2007). Second, constitutively activated Rho GTPases indir-
ectly cause protein tyrosine phosphorylation, which in turn
serves as a docking site for Nck SH2 domain. Binding of Nck
to the phosphotyrosine protein may bring its SH3-associated
protein to the Rho family GTPases. So far, there has been little
supporting evidence for the second scenario.
PDGF-BB is the only FDA-approved growth factor for
treatment of chronic skin wounds in the clinic. In wounds,
PDGF-BB acts as a potent mitogen and motogen specifically
on HDFs. The proliferation and migration of HDFs and new
extracellular matrix deposition by HDFs (mostly stimulated
by transforming growth factor-b in the wound bed) are critical
for wound healing and remodeling. In contrast, PDGF-BB
shows no effect on human keratinocytes, owing to the fact
that human keratinocytes contain undetectable levels of
PDGFR, in comparison with DFs (S. Guan and W. Li,
unpublished data). Proliferation and migration can occur
only one at a time, not simultaneously. The signaling
pathways that mediate the mitogenic versus motogenic effect
of PDGF-BB have just begun to be understood. Another
SH2/SH3 adapter molecule, called Grb2, is known to
link PDGFR to the Ras–MAPK pathway and to DNA synthesis.
It is becoming evident that the Nck adapters directly connect
PDGFR to the Rho family GTPases, actin cytoskeletal,
and cell motility (Li et al., 2004a, b). Therefore, under-
standing the mechanisms of action by Nck is a critical step
toward ultimate elucidation of PDGF-BB’s motogenic signal-
ing pathway in HDFs, which may lead to new agents for
healing skin wounds.
MATERIALS AND METHODS
Primary human HDFs were purchased from Cascade Biologics
(Portland, OR) and were maintained in DMEM supplemented with
10% of fetal bovine serum. HDFs at passages 4–7 were used in the
experiments. Dog kidney epithelial cells (TRMP) expressing various
forms of human PDGFR-b were maintained as described earlier
(Nishimura et al., 1993). Mouse DFs were isolated from Ncka-
knockout and Nckb-knockout mice, following the procedure as
previously described (Fleischmajer et al 1984). Nck-knockout mice
were kindly provided by Dr Tony Pawson (Bladt et al., 2003). Native
rat-tail type I collagen was purchased from BD Biosciences (Bedford,
MA). PDGF-BB and colloidal gold (gold chloride, G4022) were
purchased from Sigma (St. Louis, MO). Anti-p38 (a) Ab (sc-535) was
from Santa Cruz Biotechnology (Santa Cruz, CA); anti-ERK1/2 Ab
(03-6600) was from Zymed Laboratory (South San Francisco, CA);
anti-phospho-ERK1/2 Ab (V803A) was from Promega (Madison,
WI); anti-phospho-AKT Ab (no. 4051), anti-phospho-Pak1 (Thr-423)
Ab (no. 2606), anti-phospho-p38 Ab (no. 9211), and the anti-
phospho-JNK antibody kit (no. 9250) were purchased from Cell
Signaling (Beverly, MA). Restriction enzymes, T4 DNA ligase, and
CIP kits were from New England BioLabs (Ipswitch, MA). The
Plasmid Midi Kit (no. 12143) was from Qiagen (Valencia, CA). XL-10
Gold Ultra competent cells (XL-10 Gold) were from Stratagene
(Kingsport, TN).
Isolation of primary DFs from mice
Mouse DFs were prepared from 3- to 5-day-old neonates of wt,
Ncka/ or Nckb/ mice, following a previously published
procedure (Fleischmajer et al 1984). Briefly, right after a neonate
was put to sleep, the head, limbs, and tail of the neonate were
removed. The whole mouse skin was peeled off and the specimen
washed twice with sterile phosphate-buffered saline, floated on
0.5% trypsin/EDTA with the dermal side downward in a Petri dish,
and incubated overnight at 41C. The epidermis and dermis were
separated. The dermis was cut into smaller pieces (0.5 0.5mm),
which were incubated with Hanks’ buffered saline solution contain-
ing 400Uml1 collagenase and incubated for 1 hour at 371C.
Debris was removed and DF cells were cultured in DMEM
containing 10% of fetal bovine serum, ascorbic acid, and glutamine,
as described earlier (Fleischmajer et al 1984).
Sub-cloning, lentivirus production, and infection
The cDNA fragments encoding a total of eight individual SH2 and
SH3 domains of Ncka and Nckb were amplified by PCR with an HA
tag linked in frame and sub-cloned into a lentiviral vector,
pRRLsinhCMV (at XbaI and PstI). Ncka’s SH3I, SH3II, SH3III, and
SH2 domains contained the amino acid residues 2–75, 96–176,
180–261, and 262–376 of the human Ncka, respectively. Nckb’s
SH3I, SH3II, SH3III, and SH2 domains represented amino acid
residues 2–76, 97–178, 183–269, and 265–380 of the human Nckb,
respectively. All inserted DNAs were subjected to DNA sequencing
analysis, and the lack of mutations was confirmed. The GFP-Ncka
and GFP-Nckb fusion genes were inserted into the pRRLsinhCMV
vector between BamHI and SalI and between PstI and SalI,
respectively. Production of virus stocks was as described earlier (Li
et al., 2004b). Cells were plated one day before virus infection at
25% confluence and infected the next day (Guan et al., 2007,
Li et al., 2004b). Expression of the gene products was confirmed
by western blots on day 5, before biochemistry and migration
assays.
RNAi and lentiviral delivery by FG12 system
The RNAi selection program was used to identify possible target
sequences, as described (Yuan et al., 2004). To select for siRNA with
a high downregulation efficiency, six potential sequences of siRNA
(three against Ncka and three against Nckb) were chemically
synthesized. The synthetic siRNA duplexes were used to transiently
transfect 293T cells, in which downregulation of the target Nck
proteins was measured by western immunoblotting analysis. The
effective siRNA sequence(s) was chosen and sub-cloned into a
lentiviral RNAi delivery vector, FG12, as described previously (Qin
et al., 2003). Because the FG12 vector carries a ‘‘built-in’’ GFP gene,
gene transduction efficiency could be easily evaluated under a
fluorescence microscope, followed by measurement by FACS
analyses. We identified the following pairs of siRNA sequences
(sense) against human Ncka and Nckb: siNcka-1, GGAGATGTAA
TGGATGTTA, and siNcka-2, GGCCTTCACTCACTGGAAA; siNckb-1,
GCGGGCAGAGAGTGGTACT, and siNckb-2, GAGGGCGACTT
CCTCATTA.
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Colloidal gold individual-cell motility assay
The colloidal gold migration assay was described earlier by
Albrecht-Buehler (1977) and modified into a computer-assisted
analysis (Woodley et al., 1988). An updated protocol, data analysis,
and statistic analysis on human skin cell migration were further
detailed (Li et al., 2004b). A total of 3,000 cells/well were plated and
allowed to migrate for various periods of time up to 16 hours. The
cells were fixed in 0.1% formaldehyde in phosphate-buffered saline
for 10minutes. Cell migration tracks were visualized under a dark-
field microscope. Fifteen randomly selected microscopic fields in
each well were analyzed, using a microscope-linked computer
through a real-time charge-coupled device camera (KP-MIU; Hitachi
Denshi, Woodberry, NY). The data were then subjected to the NIH
Image 1.6 program for quantitation. This program calculates and
gives rise to an MI. The MI represents the percentage of a field area
consumed by cell migration tracks over the total field area viewed
under the microscope. Images of the migration tracks were recorded.
Statistical analyses of the MIs among triplicate sets under each
experimental condition were performed using Microsoft Excel.
Confirmation of a difference in migration as statistically significant
requires rejection of the null hypothesis of no difference between
mean MIs obtained from replicate sets at the P¼ 0.05 level with
Student t-test (Li et al., 2004b).
Ncka- and Nckb-specific Abs
We reported earlier on the production of anti-Ncka- and anti-Nckb-
specific Abs (Chen et al., 1998). The anti-Nckb-specific Abs
generated by an old method were isolated from a starting
nonspecific rabbit anti-Nck antiserum and subsequently used up.
To generate a new anti-Nckb Ab, we compared the amino acid
sequences between Ncka and Nckb and identified a less conserved
region (amino acids 169–284) in Nckb. The cDNA fragment was
amplified by PCR and sub-cloned into pGEX-2TK. The GST-Nckb-
fragment fusion protein was produced in DH5a. After removing the
GST part by digestion with thrombin (Thrombin CleanCleave Kit,
Sigma, St Louis, MO), the Nckb fragment was further purified by fast
protein liquid chromatography and used for immunization of two
rabbits (at Cocalico Biologicals Inc., Reamstown, PA). Crude antisera
showed a strong reactivity with HA-tagged Nckb and a relatively
weaker reactivity with HA-tagged Ncka. To further enhance the
specificity against Nckb, the antiserum was passed through a GST-
Nckb fusion protein affinity column, in which GST-Nckb fusion
proteins were covalently bound to CNBr-activated Sepharose 4B
(Amersham, Uppsala, Sweden). The column-bound Abs were eluted
with an acidic elution buffer (0.1 M glycine-HCl, pH 2.7), neutralized
(by Tris-Cl, pH 9.0), and concentrated to B1mgml1 IgG. After this
procedure alone, the anti-Nckb specificity reached more than 90%.
Even when we followed it by using GST-Ncka fusion protein beads
to further deplete anti-Ncka Abs, we did not observe further
enhancement of the anti-Nckb specificity of the purified Abs.
Immunostaining and microscopic analyses
The procedure for staining cells with TRITC-phalloidin was
performed as described earlier by us (Li et al., 2004b). The stained
cells were visualized under fluorescence microscopy (Axioplan,
Zeiss, Thornwood, NY) and photographed with a digital camera
(AxioCam-MRm, Zeiss). Under each condition, 80–120 cells were
analyzed for morphological polarization, which occurs concomitant
with the re-orientation of the MTOC (microtubule-organizing center)
in the direction of cell migration. We always used anti-pericentrin
Ab staining to visualize the MTOC and found that MTOC staining
correlates with the localization of the expressed gene products in
PDGF-BB-stimulated cells. Percentages (%) of the polarized cells or
cells that show expected actin cytoskeletal re-assembly and
structures versus the total 80–120 cells were calculated. We found
that it was impossible to ensure equal degrees of polarization or
equal numbers of spikes among all cells.
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